Abstract. Biological wastewater treatment plants produce great amounts of sludge daily. It is a very big loading (cost) for treating the waste sludge. Polyhydroxyalkanoates are a family of polyhydroxyesters. The technologies of extracting PHAs from wasted sewage sludges of municipal wastewater, fermentation industry and husbandry were developed in the study. In the NaOCl/SDS extraction technology, the concentration of NaOCl and liquid-solid ratio are two essential factors directly influencing extraction efficiency. The experimental results verified under the optimal conditions for extracting PHAs, the content of recovered PHAs was 44.2±0.89 mgPHA/gVSS and the purity of recovered PHAs was >99.5 wt% for the waste sludge from municipal wastewater treatment plants. For fermentation industry sludge, under the adequate extraction conditions for PHAs recovery, the content and purity of recovered PHAs were 18.8±0.66 mgPHA/gVSS and 50.6±6.83 wt%, respectively. For husbandry sludge, the content and purity of recovered PHAs were 33.7±0.16 mgPHA/gVSS and 76.7±5.2 wt%, respectively.
particles, isolation and extraction are relatively difficult. Therefore, reducing costs is significantly more important for extraction of PHAs. Currently, the most widely used PHA extraction techniques include organic solvent method (Ramsay et al. 1994; Rai et al. 2011; Martino et al. 2014) , NaClO digestion Martino et al. 2014) , NaClO-CHCl 3 two-phase extraction (García et al. 2013; López-Abelairas et al. 2015) , enzyme digestion, and surfactant-NaClO method Jiang et al. 2014) . However, different bacteria have various cell wall structures and factors of PHA synthesis, and the corresponding extraction methods for PHAs are different. To address the problem of water pollution, the number of wastewater treatment plants has increased rapidly. During the wastewater treatment process, a considerable amount of waste sludge is produced annually. The processing cost for waste sludge exceeds half the total cost of wastewater treatment, resulting in no suitable places being available for waste sludge disposal and presenting wastewater treatment plants with considerable problems. Effective management of solid waste has become environmentally and economically mandatory due to the increase of environmental problems (Ghinea, Gavrilescu 2016) . Therefore, a
Introduction
Petroleum-based plastic products have already caused considerable waste disposal problems, and replacing conventional plastics with biodegradable plastics is imperative for reducing environment hazards. Polyhydroxyalkanoates (PHAs) are a source for producing biodegradable plastics (Doi, Abe 1990) . Over 250 different bacteria, including gram-negative and gram-positive species, have been reported to accumulate in PHAs (Ojumu et al. 2004) . PHAs accumulate in cytoplasmic granules that typically have a diameter from 0.2 to 0.5 μm. The molecular weight of the polymers are in the range from 2×10 5 to 3×10 6 daltons (Urtuvia et al. 2014) . PHAs exhibit the properties of biodegradation and biocompatibility (Chen 2003) .
The PHA extraction technology involves two issues: (1) The rationality of the method that mainly involves extraction rate, purity, structural changes in PHAs during extraction, process, feasibility of transferring from the laboratory to industry, operation convenience, complexity of processing and degree of environmental pollution, etc. (2) The economy of the extraction process, which mainly involves material costs, energy consumption, facility investment, etc. As PHAs exist in the cells as new technology, which has been patented in the United States and Taiwan, was developed to extract PHAs from waste sludge for producing biodegradable plastics, which can reduce the cost of processing waste sludge and reduce the production costs of biodegradable plastics, thereby accelerating the promotion and application of such plastics.
Materials and methods

Waste sludge sources
The PHA extraction experiments were performed on the waste sludge from three sources. Table 1 shows the three waste sludge sources, as well as the water quality of the corresponding wastewater treatment plants. Table 2 shows the initial PHA content of the sludge sources.
Waste sludge pre-processing step
To destroy the cell bodies in the sludge for PHA extraction, the waste sludge was centrifuged at 3000 rpm for 20 min, and the supernatant liquor was discarded; subsequently, the step (heating + ultrasound grinding method) indicated in Patent NO. US 8,641,908 B2 was performed for pre-processing the sludge.
Sludge extraction method
After the waste sludge was pre-processed, sodium hypochlorite/sodium dodecyl sulfate (NaOCl/SDS) was utilized to extract PHAs from the waste sludge using the following steps (Figure 1 ).
Analytical methods
We referred to Satoh et al. (1996) to analyze the PHA content; gas chromatography-mass spectrometry (GC-MS; GC17A/MS-QP5050A; Shimadzu, Japan) was employed, and a BP1 capillary column (SGE Analytical Science, Australia; 25 m × 220 mm × 0.25 mm) was used. The temperatures of the detector and injector were 230 °C and 220 °C, respectively. The initial temperature for the column was set at 70 °C for 2 min; subsequently, the temperature was increased to 270 °C at 8 °C/min, and was maintained for 3 min. The carrier gas of the mass spectrometry was helium with a flow rate of 2 mL/min. The injection volume of the GC column was 2 μL, as controlled by an automatic sampler (AOC-20i, Shimadzu) with a split ratio of 1:20. The obtained peak was compared to the standard value in the mass spectrometry database of the National Institute of Standards and Technology (NIST) to acquire the species information and concentration of the sample.
PHA purity and content calculation
The VSS was volatile suspended solids. The PHA content was the sum of polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) contents, and the PHA purity was equal to the ratio of the extracted PHA powder mass (mgPHA/gVSS) to PHA content (mgPHA/gVSS). Figure 2a shows the effect of the sodium hypochlorite concentration of NaOCl/SDS on PHA extraction from municipal wastewater sludge. The PHA purity increased when increasing the NaOCl concentration from 5% to 40% (v/v). However, the PHA purity did not significantly increase when the NaOCl concentration was more than 40% (v/v). Therefore, it is concluded that a NaOCl concentration of 40% is enough to destroy the cell walls and thereby release PHA monomers. Figure 2b shows the effect of liquid-solid (L/S) ratio on the PHA purity and content. The L/S ratio means the ratio of the volume of the NaOCl solution (4.8% concentration) and the weight of dry sludge. It indicates that the magnitudes of the extracted PHA purity and content were increased with the increase of the L/S ratio range from 0.33 mL/mg to 1.0 mL/mg. Both PHA purity and content reached maximum levels (100% and 58.0±7.19 mg PHA/g VSS, respectively) when the L/S ratio was 1.0 mL/mg. PHB:PHV ratio changed from 100:0 (wt%) to 75:25 (wt%). However, both of the PHA purity and content sharply decreased when the L/S ratio exceeded 1.0 mL/mg. This indicates that the sludge quantity was too high (due to the high L/S ratio) to destroy the sludge cells using the NaOCl solution, resulting in the decrease of PHA purity and content. Figure 3a shows the results of PHA extraction from wastewater sludge from the husbandry industry. It is difficult to estimate the PHA purity extracted by 5% (v/v) NaOCl because the NaOCl concentration was too low to effectively destroy the cell walls and extract PHAs. A statistics test indicates the NaOCl concentration has a significant effect on PHA purity (p < 0.001). The highest PHA purity occurred with a NaOCl concentration of 15% (v/v). Figure 3b shows the effect of L/S ratio on PHA extraction. PHB:PHV ratio changed from 97.8:2.2 (wt%) to 90.2:8.8 (wt%). A statistics test indicates the L/S ratio has a significant effect on PHA purity (p < 0.001). The highest PHA purity occurred with an L/S ratio of 1.25 mL/mg. Figure 4a shows the effect of the sodium hypochlorite concentration of NaOCl/SDS on PHA extraction from wastewater sludge from the fermentation industry. The PHA purity increased when increasing NaOCl concentration from 5% to 20% (v/v). However, the PHA purity decreased when the NaOCl concentration was larger than 20% (v/v). A statistics test indicates NaOCl concentration has a significant effect on PHA purity (p < 0.001). The highest PHA purity occurred at the NaOCl concentration of 20% (v/v). Figure 4b shows the effect of L/S ratio on PHA extraction. The PHA purity increased when increasing the L/S ratio from 0.33 to 1.00 mL/mg, but the PHA content remained constant. PHB:PHV ratio changed from 100:0 (wt%) to 64.7:35.3 (wt%). However, the PHA purity decreased when the L/S ratio was greater than 1.00 mL/mg. This might be ascribed to the fact that a higher L/S ratio resulted in an insufficient amount of sodium hypochlorite solution to efficiently rupture the microbial cell walls. A statistics test indicates the L/S ratio has a significant effect on PHA purity (p < 0.001). The highest PHA purity occurred at an L/S ratio of 1.00 mL/mg.
Comparison of PHA purity and content extraction from different sludge sources
As shown in Figure 5 , the results indicated that waste sludge from the municipal wastewater treatment plant had the highest PHA purity (>99.5%), followed by the sludge from the husbandry industry (78.5±6.91 wt%) and the fermentation industry (46.7±0.62 wt%). Figure 4 also shows that the PHA content obtained from the waste sludge from the municipal wastewater treatment plant was nearly equal to that from the husbandry industry, indicating both waste sludges are valuable for recovering PHAs. Currently, more than 250 types of bacteria can synthesize PHAs, and relevant studies have indicated that a high PHA content can be obtained from pure bacterial cultures. For example, Don et al. (2006) used glucose as the carbon source to produce Hfx. mediterranei, in which a poly (hydroxyvalerate) content of 10.7% can be obtained. Kahar et al. (2004) used soybean oil to produce Cupriavidus necator and achieved a poly(hydroxybutyrate) content of 76%. Kahar et al. (2005) produced Cupriavidus necator by using glucose and obtained a poly(hydroxybutyrate) content of 80%. In addition, some studies have also employed specific substrates (e.g., acetic acid) to cultivate activated sludge and thus obtain a high PHA content. For example, Punrattanasin (2001) used acetic acid to cultivate activated sludge with a PHA content of 47%. Kasemsap and Wantawin (2007) also utilized acetic acid to cultivate activated sludge with a PHA content of 51%. Although the PHA contents obtained in the aforementioned studies were higher than that obtained in this study, we directly used the actual waste sludge from wastewater treatment plants as the raw material, thus reusing the waste sludge to reduce environmental pollution problems and achieve the goal of resourcing and reducing waste sludge.
Cost evaluation
As the number of cost-consumption items that need to be discussed is too many, this study used waste sludge from urban wastewater processing as an example. The current phase of cost estimation only examines the commercial costs of raw materials. Experiments have proven that during the PHA extraction process, SDS and NaOCl can be reused; SDS could be reused up to 16 times, whereas NaOCl can be reused up to 14 times. Under the most appropriate domestic wastewater sewage condition, the obtained PHA content was 58.0±7.19 mg PHA/g VSS, PHA purity was 99.5 wt%, sludge MLVSS = 1800 mg/L = 1.8 gVSS/L, and the operating conditions were as follows: NaOCl conc. = 40% (v/v) and liquid-to-solid ratio = 1 g/L. The estimated chemical costs for extraction was USD 658/kg PHA.
Conclusions
This study developed a method to extract PHAs from waste sludges from municipal water treatment, the husbandry industry and the fermentation industry. Experimental results show that the PHA contents obtained from the waste sludge of the municipal wastewater treatment plant was nearly equal to that from the husbandry industry, indicating both waste sludge sources are valuable for recovery of PHAs. Taking the waste sludge of municipal wastewater treatment plants as an example, the chemical cost of the extraction method used in this study was about 685 US$/kg PHAs, which is lower than the cost for producing PHAs through pure bacterial cultures (15-30 US$/ kg PHAs).
